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ABSTRACT
Development of Instrumentation for Acoustic Monitoring
Deepak Mehra
Natural gas conservation and availability depends on quick leak detection. Leaks may be caused
naturally or by man made damage. Corrosion is one of the major causes of leaks since the
average life of an underground gas pipeline is 50 years and the gas pipelines have been in use
since late 1800s. This thesis describes a source/sink flow acoustic wave sensor for the
identification of leaks in gas pipelines. One of the many type of signals associated with the high
velocity gas flowing out of a hole in the pipeline is the ramp or step pressure drop. Gas pipelines
can only be accessed at line shut off valves, which are typically located at regular intervals about
60 km apart. At these line shut-off valves there is a ½ inch NPT access port available above
ground. To obtain acoustic signals from the gas inside the pipeline, the instrumentation is best
installed on the access valves. When a leak is being created, low frequency and low-pressure
waves are emitted.
A large 3-inch diameter diaphragm was installed in an attempt to detect the low frequency
waves associated with a leak. This diaphragm with source or sink flow through a 17mm internal
diameter pipe acts as a pressure signal amplifier. The diaphragm was calibrated in lab with the
source flow. At high flow rate and 0.85 mm gap, the diaphragm used in the lab was able to hold
a weight of 45 grams or 0.44 N, which was seven times higher than the momentum force in the
pipe. The holding weight decreased at lower flow rates with an increase in gap size between the
diaphragm and a flat brass disc. With a gap of 1.14 mm the force on the diaphragm was found to
be 5 grams or 0.05 N. The experimentally determined diffuser pressure recovery factor (rd) was
nearly constant over the entire flow rate/ holding weight range. Thus a large diameter diaphragm
may provide a high aerodynamic amplification of the incoming acoustic signals and it may be
possible to use such configurations in development of instrumentation for acoustic monitoring.
Its performance with acoustic signals from real gas pipelines has not been tested.
The deflection of the diaphragm due to the amplified force can be measured with a strain gage
whose voltage is proportional to this deflection. A microphone should be used to record high
frequency sound generated by the fluid inside the transmission line.
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Chapter 1
Introduction
Overview
Natural gas is one of the major sources of energy not only in the United States but also in the rest
of the world. Natural gas is processed in the field by natural gas processing units and then it is
ready to be transported to consumers, which may be individual business units or residences.
After processing, the natural gas is supplied to the utilities through transmission lines and further
distributed by these utilities to the individual customers through small-metered pipes. Leaks in
the pipeline systems are one of the major problems natural gas industry is suffering from. Leak
cause loss of gas from the system and may also lead to a catastrophic explosion.

Leaks may be caused by corrosion, man-made damage called third party damage, or by nature
during events like floods and earthquakes. Third party damage is a major cause of, pipeline
rupture, leaks or damage finally leading to the formation of a leak. Such type of damage may be
done by construction equipment or excavation by a third party in to the pipeline right of way.
These damages may not appear immediately but eventually develop into a leak by corrosion
inside stress fractures.

Problem Identification
Since the natural gas distribution has to deal with a vast network of gas pipelines spread all over
the United States, it becomes necessary to have a quick leak identification mechanism. When the
gas escapes from the piping due to a leak, it will saturate the ground around the pipe and migrate
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along conduits to other locations. The appearance of a rupture, leak or damage that could lead to
a leak usually generates an acoustic signal, which can produce a transducer output ranging from
several micro volts to several volts. This document will describe past research done by various
researchers to detect this acoustic signal. The acoustic signal generated by the leak travels
through the pipe wall, through gas inside the pipe and through the fluid medium outside at the
leak location. This research also describes the calibrations of a source/sink flow acoustic signal
amplifier, which is used to aerodynamically amplify the incoming acoustic signals from gas
inside the pipeline. The instrument designed to aerodynamically amplify acoustic signals can be
used at a ½ inch NPT gas access port common on most lines. When a leak occurs, there is a
small pressure drop, which forms a step or ramp type signal, which results in a temporary
outflow from the housing back into the pipeline.

Since the flow is very small and has short

duration, detecting this event is very difficult. Therefore the source/sink flow acoustic amplifier
is used to increase the deflection of a 3-inch diameter diaphragm. A sink flow is created between
two 3-inch diameter flat surfaces installed in the source/sink flow acoustic signal amplifier,
which speeds up as it approaches the center. This results in a suction force similar to that in the
throat of a venturi. This force is many times greater than the momentum of the flow inside a ½
inch nipple on the centerline. The force amplification depends on the gap used. The radial inflow
or outflow acts as venturi. A strain gauge used in conjunction with the movement of the
diaphragm gives a voltage, which is proportional to its deflection.
The diaphragm was calibrated in the lab with source flow. Experimental results confirmed that
the aerodynamic amplification of acoustic signals can be obtained if the flow is guided through a
gap between the diaphragm and a flat disc (brass disc in this case).
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CHAPTER 2

Literature Review

2.1 Natural gas transmission pipelines
Gas pipelines cover wide geographic areas and are spread all over the United States. About thirty
percent of the energy produced in the US comes from natural gas supplied through more than a
million miles of transmission lines. Many gas pipelines, which were installed in late 1800s, are
still in existence and are used actively. According to Parker (1981) there was a rapid increase in
the growth of natural gas distribution systems in the US in the 1900s especially from the 1940s
to 1970s. About 12 billion standard cubic feet of natural gas per day is produced from offshore
facilities. Natural gas produced by the offshore facilities also has to be transported to onshore
processing facilities. Most of this is done through more than 20,000 miles of sub-sea pipelines.
Transmission lines are typically made of steel, around 85% of all the active pipelines in 1975
were made of steel. Other materials used in construction of gas pipelines include cast iron and
plastic. Cast iron is used in the urban systems. Use of plastic as a gas pipeline started as early as
1961 and by 1975 there were around 94,000 miles of plastic pipelines.

Natural gas transmission lines operate at high pressure. Often friction pressure drop is associated
with distance. Thus to compensate for this loss, turbine driven or reciprocating engine driven
compressors are located at regular intervals, which keeps the gas moving through the system.

3

2.2 LEAK
Any unintentional outflow of gas from a pipeline may be termed as a leak. Leaks can have
different causes that may be man made or natural. Leaks, not identified immediately, can lead to
an explosion. The maximum age of gas pipelines is estimated to be around 50 years with average
age being 35 years. Parker gave an interesting statistic in his paper that on an average a 50 year
old pipe will generate annually one reportable incident per 1680 miles. Pipes buried for 35 years
generate half this rate and the pipes buried for 10 years generate one tenth of this rate. In one of
the Office of Pipeline Safety data analysis it was found that the total number of leaks repaired
increased by 50% from 1971 to 1975.
Mechanical Damage Caused

Percentage

By Equipment
Stress Corrosion Cracking
Pitting Corrosion
General Corrosion
Chemical Bacterial
Material Defect
Construction and Upgrade
Earth Movement, Washout, etc.

44.0%
1.5%
13.5%
9.0%
4.0%
12.5%
7.5%
8.0%

Table 2.1: Third party damage recorded on transmission lines in the United States (1994).

As evident from above data leaks can be caused due to a number of reasons. Even relatively
small holes in high-pressure gas pipelines can produce dangerous clouds of gas eventually
leading to an explosion. Leaks are usually classified according to the urgency of repair based on
the potential danger. They are typically classified into three groups, (Huebler, 2000).
1. Those that need repair in 24-48 hours,
2. Those that need repair in 30 days
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3. Those that don’t need immediate repair but need to be monitored constantly

2.3 Leak Characterizations
The amplitude, frequency spectrum and the attenuation behavior of a leak signal traveling
through a pipe wall are all a function of the pipe wall material properties (Bassim 1994). If the
damage causes a sudden leak, then the associated rapid change in fluid pressure produces a
pressure transient, often referred to as a burst signal. The supersonic jet of escaping gas contains
acoustic energy. This type of emission is a continuous emission and has a wide frequency
spectrum, 1kHz-1MHz. The majority of this is confined to moderately high frequency portion of
175 kHz to 750 kHz (Shack, 1980).

Passive acoustic leak detection in pipelines makes use of the vibrational energy emitted by the
straining or fracturing pipe wall material or by the acoustic energy associated with high pressure
gas escaping through a perforated or ruptured wall. It is possible to detect an infringement event
along a pipeline by properly interpreting the acoustic signature of the phenomena described
above. The main challenge is to accurately isolate the acoustic signature of an infringement from
the background noise within the pipeline environment such as pumping noise, flow turbulence
noise, valve actuation etc. Details of the infringement-generated noise (acoustic signature) must
be fully known along with the background noise with in the pipeline so as to enable separation
between these two noises. The second challenge is to detect the acoustic signature far away from
its signal source since the acoustic wave amplitudes are attenuated within the pipeline. It may be
noted that the acoustic signature of the leak is unique but difficult to obtain.
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The frequency of the acoustic signals transmitted via the pipe wall, such as structural fracturing
of the pipe wall and the sound of the escaping gas can range well into hundreds of kilohertz. The
acoustic signal frequencies transported by the gas travel much slower than those via the pipe
wall. However, due to the intimate contact of the pipeline with the backfill material, the
longitudinal transmission of the higher frequency components of the acoustic energy within the
wall material is highly damped and does not travel any significant distance from the location of
the source of the acoustic signal. Transmission of acoustic signals through gas suffers damping
in proportion to the square of the signal frequency. Wall damping effects, viscous effects and
molecular relaxation effects all contributes to the attenuation of the strength of the high
frequency signal. Acoustic studies in the past have made it apparent that although the acoustic
signals of a pressurized fluid escaping through a leak may include a wide range of frequencies,
only relatively low frequencies can travel sufficiently long distances to be useful for practical
leak detection methods. This happens due to significant attenuation of the higher frequency
components. In his paper on acoustic leak detection Rocha says that the acoustic frequencies on
the order of 10 Hz can propagate in a gas for distances on the order of 100 miles. The local
pressure drop due to the leak is a function of the static pressure in the pipe at the leak site, the
diameter of the leak hole and the local diameter of the pipe. The detectable acoustic pressure of a
leak can be as small as 5 millibars (0.073 psi) in a pipeline with a static pressure of 69 bars (1000
psi), which requires sophisticated noise cancellation techniques to increase signal to noise ratio
(Rocha, 1980). Eis, et al, 1998, conducted experiments to determine the distance in which an
acoustic step function impact could be transmitted through the pipe wall in a 24-inch diameter
pipeline. By dropping weights ranging from few pounds up to 90 pounds, the impact was
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detected up to 3.2 miles away. Researchers theorize that the impact could be detected as far as 25
miles away. Their theory also indicated that the signals with frequencies greater than 500 Hz
were completely attenuated in their tests.

Bassim and Tangri (1994) performed their experiments to determine the effect of the attenuation
of acoustic signals generated by strained or fractured pipe segments in the laboratory with both
flowing and non-flowing helium gas. They also performed the experiments with a leak in the
pipe segment. They found that the attenuation of the lower frequency signals was less than that
of the high frequency signals and that the acoustic signal strength varied with leak hole size.

2.4 Non Acoustic Leak Detection Techniques
Non-acoustic leak detection techniques are an alternative to the acoustic leak detection methods.
In many cases these may be simple and cheap to implement but usually have a large delay in
detection. There can be different types of non-acoustic leak detection techniques, prominent
among those are
a. Analysis with transient flow modeling
b. Human monitoring-sound, smell and visual
c. Pigging

2.4. a Transient Flow Modeling Analysis:
Long transmission pipelines have certain restrictions placed on their operation by state and
federal codes. Stress limits are established for the pipe material, which sets the pressure limits in
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operation especially for transient cases. For optimum economic benefits from the pipeline, it is
desirable to operate near maximum allowable stress conditions, as then the product velocity,
friction pressure loss, and pumping power required are the minimum. Pipelines are generally
constructed along terrain varying in elevation, so that the distance between pumping stations
depends on elevation changes as well as suitable land available for the station. Therefore,
numerical solutions of the transient behavior of long transmission lines are useful in a number of
different application nodes. Some applications are quite natural, such as generating flow,
pressure and temperature records, detection of instrument failures, batch tracking, and operator
tracking.

If one considers the effect of a prolonged excessive demand, as with the case of a severe cold
spell, the supply may not be adequate to hold all pressures to their customary values. By
allowing the pressure to be reduced in the system, the amount of gas stored (line pack) is reduced
making extra gas unavailable for consumption. Transient analysis is extremely useful from an
operating viewpoint. The method of characteristics numerical solution is widely accepted as a
way of analyzing transients (Wylie, 1993). The line pack method is an offline type method.
Whereas other methods like flow balance method, real time transient method etc. are all on line
type methods. Every transmission line operator uses a transient analysis code to monitor
operations over the entire system. When interfaced with a SCADA (Supervisory Control and
Data Acquisition) system, the opportunity to locate leaks is far superior to the mass balance
based on steady state modeling. For suddenly developing large leaks there is a traveling pressure
wave induced in the pipeline. Initially this wave is a step function, but with distance and due to
friction this wave dissipates into a ramp function. To detect this rapid change in signal ramp rate
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requires monitoring the rate of change in dp/dt, which is the change in pressure with respect to
time, instead of dp. SCADA’s computerized monitoring system tracks pressure, velocities,
pipeline geometry, chemical properties and temperature in a pipeline at various locations. This
system calculates the flow balance as the difference between the metered flow leaving the pipe
and metered flow coming into a section. In conjunction with the flow balance most SCADA
systems incorporate transient modeling to simulate pressure changes that would accompany a
fast onset leak. They are used on most large transmission lines today and are very reliable for
large and fast onset leaks, but they have limitations. They can only be used for leaks with a
magnitude of 0.5-10% of the flow and cannot detect leaks that have a slow initiation.

SCADA techniques have the advantage of providing a rapid response when there is a
significantly fast onset leak (Jolly, 1992). One example of the complexity of one of these leak
detection systems is an application in one of the United States large petroleum products pipeline
systems. This pipeline system delivers about 500,000 barrels a day of product over an average of
520 miles to terminals in the southeastern and mid-Atlantic states. It includes 23 pipeline
segments totaling over 3,000 miles and ranging in diameter from 6 inches to 30 inches. This
system has 17 input points and 45 delivery points. The SCADA system monitoring this network
has over 20,000 status points that must be scanned every several seconds. This complicated task
is carried out by hubs of computers, which are each monitored by the hub master computer,
which in turn communicates to a master computer (Kennedy, 1984). Thompson and Skogman
used real time flow modeling for pipeline leak detection. They discuss the application of
transient fluid flow and heat transfer models to a real time pipeline leak detection system on
approximately 3100 miles of piping system with 60 pumping stations, 80 metering facilities and
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an accumulated pumping through all 24 pipelines of more than 1,000,000 barrels per day.
Transient flow modeling and heat transfer models were used to calculate flow rates and pressure
gradients, so the line inventory variations could be predicted. With the aid of a computer and real
time operating data, these models make it possible to track batches, calculate flow rates and
pressures and correct line inventories. The transient flow calculations also allow the prediction
of flow rate differences between stations during transient flow. For transient fluid flow modeling
it is necessary to solve the continuity, momentum equations and equation of state for natural gas.
The transient pressure/ flow rate model sets boundary conditions equal to measured values of
pressure at the endpoints of each section of the pipeline and then calculates a pressure/flow rate
profile on the assumption that the line is leak free. Deviations between the measured and
calculated values of flow rate at the pipeline endpoints as well as the differences between the
calculated flow rates at booster stations are indicative of a leak in the pipeline.

Kiuchi (1993) in his paper presented a method for leak localization by considering flow rate and
pressure profiles changing along a pipeline in a transient condition. In his paper he developed a
method to determine the leak location using numerical and measured values of flow variables
like density, flow rate and velocity. He used numerical techniques like the Lax-Wendroff method
which is a time marching technique to find a variable at the n+1 time level using information
from three available values of the same variable (in space) at the nth level. His analysis included
several cases like steady flow and no consumer flow, changing outlet flows, steady flow with
constant consumer flow, transient flow with constant consumer flows, and influence of
instrument accuracy on the localization of leak. Kiuchi finally concluded in his paper that his
equation which considers flow and pressure profiles along a pipeline identifies a more accurate
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leak position than the conventional equations for both steady state and transient conditions. This
equation he concludes is also applicable to a pipeline having consumer stations, which causes
abrupt change of flow rate profiles along the pipeline.

2.4.b Direct Monitoring- Smell, Sound and Vision
Direct monitoring means direct inspection by humans, which may include identifying a leak by
smell, sound or even by the naked eye. Periodic line walking, driving or flying is used to try to
observe the signs of a leak. Human vision can be used to look for discolored soil, leaking gas,
gas bubbles coming up through standing water or in conjunction with thermal imaging or
Schileren optics. Death of vegetation is one of the examples of visual leak detection. The human
sense of smell can detect the odor associated with the gas. A well-trained person can smell the
additives in natural gas down to one part per million (ppm). Human hearing itself or with the aid
of a stethoscope can also detect the frequency content in the audible range. Although this
technique is commonly used and effective with highly trained technicians, the listener must be
very close to the leak to hear it. Since this technique involves walking along a pipeline for
detection of a leak this way is used infrequently.

2.4.c Pigging
Pipeline pigs and spheres are sensing devices that have been developed and used since the late
1960’s. These instruments can be run anytime without interrupting the pipeline operation. A pig
usually has a metal body with rubber or plastic end-caps and they are forced through the pipeline
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by the pressure of the flowing fluid. Pigs are periodically run through pipelines for integrity
monitoring or leak detection. The magnetic flux leakage method or ultrasonic method is
commonly used for integrity monitoring (Varma 2002). According to Flournoy and Schroeder at
a frequency of about 35 kHz the ratio of sounds produced by leaks of various configurations to
the fluid and pig motion noise is highest. Magnetic flux leakage method involves the application
of a magnetic field to the inside of the pipe wall. When corrosion or other degradation exists in
the wall the pipe wall thickness is reduced and these areas therefore cannot carry as much
magnetic flux as a full wall thickness area can carry (Varma, 2002). Pigs can also be fitted with
ultrasonic sensors to inspect the pipe walls. The most common usage of ultrasonics is to measure
wall thickness. A new method of ultrasonic testing is being developed and is called the
electromagnetic acoustic transducer (EMAT) wave generator. An electrical current is generated
near the pipe surface, which induces a magnetic field that in turn induces an electromagnetic
force. The combination of forces in the material generates shear and longitudinal waves in the
material that have certain characteristics for specific materials (Varma, 2002). Pigs have the
capability of identifying areas, which may be prone to leakage and may be able to detect leaks in
their vicinity, but they must actually travel through the pipeline and this may cause a large delay
in the detection of a leak.
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Chapter 3
Acoustic Leak and Damage Detection Techniques

3.1 History
Leaks in the pipeline allow the fluid to escape, which generates noise. This acoustic emission
from a leak in a pipeline provides an efficient method for continuous surveillance of pipelines for
leak detection. The acoustic signals could be observed to identify a leak. Attempts to develop
these leak detection techniques started as early as 1930’s. Ultrasonic acoustic detection has been
found very useful in locating pipeline leaks when one gets close to the source of a leak. This type
of detection gives an attractive technique for online monitoring of pipelines.

The cost of repairing a damaged gas pipeline due to a leak is very high and to add to this the cost
of the gas lost makes it very expensive to have a leak. The high hazard incidents occurring due to
a leak, occur infrequently but when they occur, the cost per incident is much higher than a
routine leak repair. Parker in his paper on leak detection states that the cost of repairing corrosion
induced leaks will be close to one billion dollars which did not include the value of gas lost. The
cost of gas lost per 1000 feet increased from $0.70 to $2.80 in 1980 and reached $5.00 in the 21st
century. For a utility with 7000 miles of distribution lines, about four major incidents will occur
in a day’s time. The first systematic attempt to develop an improved means of leak detection
combining both active and passive approaches was initiated late in 1950 and continued through
1965. The American Gas Association (AGA) supported these efforts and the technical work was
carried out at the Institute of Gas Technology (IGT). This record of developing into an
operational system is contained in two publications, “A New Approach to Pinpointing Gas Leaks
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with Sonics”, 1961 and “Field Results with Sonic Pinpointing”, 1964. The latter one says about
the difficulties involved in the technology transfer to operating people largely unskilled in the
use of employed electronic instrumentation. Larsen in 1939 raised the same point while making
efforts to use a geophone for leak detection when he stated: “Thus far the best results have been
obtained from operators who have had some college training along engineering lines. Analysis of
the results of the extensive field measurements data indicated that the main problem was the
unpredictable performance of the system, coupled with the inability to predict quantitatively the
change of success or failure in a given situation.”

Jolly after reviewing several acoustic based leak detection methods found that the most
promising method is the low frequency impulse detection method. With the sensors mounted at
the ends of the pipeline this method could capture the transient acoustic event associated with a
rapid rupture of the pipeline. This method could detect leaks more than an inch in diameter but
over a large distance of up to 100 km. Small leaks that grow over a considerable period of time
could not be detected by this method. He noted that the noise range of leaks is typically in the
range of 5 to 300 kHz, when the sensors are mounted on the outside of the pipe. The detection
range is not very high for this technique and therefore is used only in industrial plants. Parker
says that the acoustic signal emitted by gas flowing out of the leak contains the background noise
in itself. Therefore the signal to noise ratio of the detected acoustic signal must be a maximum to
obtain the best possible information about the leak.

Acoustic leak detection systems in pressurized piping and boilers have been in use since the
early 1970’s. Sound waves are generated in three mediums: high-pressure fluid inside the pipes,

14

the pipe walls, and the low-pressure fluid outside of the pipes. One technique for acoustic leak
detection involves the installation of pressure transducers in the fluid and on the pipeline, which
detect the continuous sound waves emanating from the turbulence created by the escaping gas.
Detection ranges are not very high and may range from 10 to 120 feet. This depends on the noise
level on the location of the pressure sensor. The optimum frequency range for structure borne
leak detection sensors is 2 – 20 kHz and for air borne signals the monitoring frequency range is
2-15 kHz.

3.2 Past Research Done on Acoustic Leak Detection in Gas Pipelines
Shack states that Lighthill was one of the first researchers to present a theoretical model for
predicting the intensity of sound generated by a given flow. This model allowed him to develop a
dimensional relationship for the noise generated by a subsonic turbulent jet where acoustic
power is a function of density, velocity of the gas jet and the cross-sectional area of the jet. His
equation predicts the acoustic power radiated by the jet in the audible frequency spectrum.
Beginning May 1975 Applied Physics Laboratory (APL) started investigating the factors of
importance in the operation of an acoustic leak detection system. Coupling of the sensor outside
the pipeline makes it vulnerable to the ambient noise in the soil, however in case of a sensor
placed inside the gaseous environment in the pipe it is less likely to detect soil borne noise
because of the transmission losses through the pipe walls. APL found that a large improvement
in the acoustic signal to noise ratio may be achieved by using active acoustic system through the
use of correlation. Correlation of the signal used to excite the acoustic signal with the acoustic
signal involves summing their product over a time interval T, and then averaging the result. This
gives higher signal to noise ratio for a longer integrating time.
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According to Parker active acoustic leak detection involves remote excitation of the gas
contained within a buried pipeline network in the form of pressure oscillations that propagate
throughout the system. This alternating gas pressure is coupled to the external soil medium either
indirectly through radial displacement of the pipe walls in the case of an unperforated pipe or
directly in case of a leak in the pipe. This type of coupling leads to the excitation of
compressional and shear waves. An accelerometer type sensor may be used to detect the
displacements occurring as a result of pressure oscillations. This involves the knowledge of such
surface displacements.

Compressional waves arise as a result of pipe wall radial displacement, which causes the soil to
be alternately compressed and expanded. Shear waves on the other hand are the results of two
simultaneous effects. The couple established in the soil by the soil compression at an acoustic
maximum and the expansion at the minimum causes the first effect. The second effect is due to
the longitudinal displacement of the pipe walls along with radial expansion and contraction.
Shear waves travel slower than compressional waves and the angle at which these waves
approach the surface are different.

Parker found that the detection of holes in underground piping using an active acoustic approach
couldn’t simply rely on the measurement of the amplitude of surface displacement and there has
to be some mechanism of rejecting false amplitude indications. He further found that the surface
displacement directly above a ¾ inch diameter hole exceeds the average value of wall radiation
by a factor of four. Since theoretically the amplitude of radiation from a leak varies as the cube
of the radius this means that this wall radiation is same as from a half-inch diameter hole. This
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limits the leak detection capability of active acoustic leak detection system to detect large leaks
only. However, it was experimentally confirmed that coupling of acoustic energy into an external
leak path lead to great increase in the leak radiation compared to the wall radiation.

Sharp and Campbell note that the acoustical properties of tubular systems could be measured
using pulse reflectometry, which enables the measurement of input impulse response of tubular
systems. This involves the injection of a sound pulse into the object used in the study and
recording the resulting reflections. Bore profile and input impedance of the object used could be
obtained by analyzing sound pulse reflections. Sharp and Campbell in their study used a
loudspeaker to send a sound pulse and then recorded the resulting reflections by a microphone
installed on the outside of the tube. The input impulse response of the tubular object could be
obtained by deconvolving these resulting reflections with the known input pulse, which could be
done with the aid of Fourier analysis. Fourier transform of the impulse response gives the
frequency response of the system.

Rajtar investigated acoustic emission signals as functions of the pipe pressure, the leak rate and
the distance from the leak. He noted that the spectrum of the acoustic signal could be analyzed
and compared to either a non-leaking background signal or experimentally determined leak
“signature”. In the first case poor correlation would indicate a leak while in the latter case a good
correlation would indicate a leak. His lab experiments showed an increase in the leak signal
above background signal with pipe pressure and the leak rate. Experiments performed in Rajtar’s
research involved measurements of leak signal spectrum as a function of distance for various
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leak rates. The leak signal could be picked up to a distance of 200 feet. Also the acoustic power
of the detected signal increased with the increasing leak rate. Rajtar found that for a partially
buried pipeline, signal is attenuated very strongly than pipelines that are above the surface.

Brodetsky and Savic present an approach where they place permanent monitoring units along the
pipeline. These units detect acoustic signals in the pipeline and discriminate leak sounds from
other man made or natural non-leak sounds. Their system involving these units can detect leaks
as small as 1/32-inch diameter from a maximum distance of 600 m between two units. They
emphasize on the fact that the monitoring units may pick up signals other than the leak signal
and there has to be some mechanism to reject false leak type signals. These may be sounds of
substances flowing through the pipeline, compressor and pump noises and external noises such
as trains and cars. Their study involved an acoustic transmission line model, which is similar to
an electric transmission line. This model replaced electric elements: R the resistance per unit
length, C the capacitance per unit length, and G the leakage conductance per unit length with
appropriate mechanical constants: Rm the damping due to friction per unit length, M the mass
per unit length, Cm the compliance per unit length, and Gm the loss at boundaries per unit
length, respectively. They assume that a force is acting at one end of the transmission line and
the other end of the line is loaded with mechanical impedance, this along with a propagation
constant and particle velocity gives a relation for force at an element dx at a distance x from the
loaded end. This force produced by a standard source at one end of the line can be measured with
the aid of a piezo electric transducer. Unknown transmission line parameters like the propagation
constant can be solved by the utilization of this information in the developed relation for force.
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The sound source used in this case was a steel ball 1 inch in diameter that was dropped on the
pipeline form the height of 4 inches. This produced a sound impulse in the pipe that was
measured at a number of points along the pipeline.

Bassim & Tangri in their paper investigated the effect of material properties and wave
propagation in pipelines on acoustic emission variables such as the root mean square (RMS) of
the amplitude of the emitted signals. They also investigated the effect of other factors like
geometry, shape and gas pressure within a leak. Their technique is based on the stress detection
of waves that are emitted in a material when subjected to loads, which causes plastic deformation
and/or crack initiation and propagation. According to Bassim & Tangri two types of acoustic
emissions, continuous and burst type, are generally observed during the deformation of these
materials. Characterization of these signals put continuous type signal into low amplitude and
high signal (less than few micro volts) density category, while the burst type signal comes in to
high initial amplitude (few micro volts to few volts) signal category. They further say that
continuous type signals may be produced during plastic straining (for example during tensile
testing of unflawed steel specimens) whereas burst type signal may be generated during plastic
zone deformation, crack initiation and crack growth (for example fracture tests on flawed
specimens). The amplitude and frequency spectrum of the generated stress waves are also
dependent on material characteristics such as microstructure and yield strength. Also the
attenuation behavior of a material is sensitively dependent upon the frequency of the stress wave.
Bassim & Tangri carried out lab tests to determine the acoustic emission response during tensile
and fracture tests on two pipeline steels and also to study the attenuation characteristics of steel
pipes with and without a controlled leak. During the tensile test they found that low strength
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steel exhibits a low acoustic emission activity compared to the high strength steel. In case of
fracture tests the acoustic emission was found to reach a maximum at the point of general
yielding, which could detect plastic deformation that occurred before crack growth. . Attenuation
tests suggested that the largest signal for all leak sizes was generated by the lowest frequency
transducer.

Watanabe along with Matsukawa, Yukawa and Himmelblau describe a new method for detecting
and locating a leak in a gas transport pipeline by an indirect acoustic method. They treat the
pipeline as an acoustic tube and estimate the impulse response of the acoustic wave in the
pipeline solely from the acoustic signal detected at two terminal sites in the pipeline. A test
signal is used at the input site as an acoustic wave. A sudden leak in the pipeline causes a sharp
impulse response to an acoustic wave that can be directly related to the site of the leak. They
make some simplifying assumptions for successful implementation of the above stated acoustic
method. These are as following
1. The test zone of the pipeline has two constrictions, one at the input and one at the output ends.
2. The test zone of the pipeline is a single pipe with no branches.
3. Only one leak occurs in the test zone.
4. The test zone of the pipeline has uniform cross-sectional area for its entire length.
5. The pressure at the input end of the test zone includes random fluctuations.
6. Pressure inside and near the constrictions in the test zone can be measured by detectors or
microphones that have limited frequency bands.
7. Acoustic waves propagate in the pipeline without any attenuation and velocity of gas flow is
negligible in comparison to the sound velocity.
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Assumption 1 was made to provide boundary conditions. Assumption 2 made sure that branched
could not be regarded as leaks. Assumption 7 meant that the wall of the pipeline is thick and no
acoustic energy passed through the wall. Theoretically they assumed a leak with circle hole at
some distance between the input and center of the pipeline. A white noise was added at the input
site to excite the acoustic signals, which were detected at the input and output sites by using
microphones. With the aid of the wave equation and Fourier transform the information about the
leak site could be determined. Watanabe and his co-researchers used discrete Fourier transform
(DFT) instead of Fourier transform since the data were measured discretely. They also did an
experimental analysis where they carried out experiments on the lab pipeline that seemed to
validate their data theoretically with the only difference being the noise involved in the
experiments.

Leis et al described the means to detect third party contacts with pipelines. The chains of events
caused by an impact on a pipe usually are
1. Elastic waves, launched in the pipe wall which travels rapidly but then attenuates quickly.
2. Acoustic waves in the gas column that propagate long distances and get attenuated
mainly due to classical absorption and wall loss mechanisms.
3. Stresses and strains caused by the acoustic wave as it propagate through the gas, which
can then be detected by accelerometers mounted on the pipe.
They found the following characteristics to be common for any technique to be used
successfully.
1. Uninterruptible power supply, 2. Sensors combined with related signal conditioning,
processing and analysis, 3.Communication links, 4.Evaluation, response and control hierarchy.
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Min-Lee & Jun-Lee (2000) carried out research to develop an acoustic emission technique for
pipeline leak detection. They analyzed two different methods for determining source location; 1.
reduction in signal amplitude with increasing distance from the source (attenuation based
methods), and 2. increase in signal transit time with increasing distance from the source (time of
flight based method). Lee’s found that the characteristics of the signal generated by the
turbulence of the gas in the pipeline is a wide band signal with less than 600 KHz frequency.
They noted that a leak in the pipeline generated acoustic waves, which propagates along the pipe
wall. They also noted that there are typically two types of acoustic emission signals; burst and
continuous signals. The leak signal is continuous signal and is measured as r.m.s voltage. They
used four different types of sensors 150 KHz, 225 KHz, 500 KHz and one broadband type. They
compared the r.m.s value of the detected signals by these sensors with the corresponding signal
stored in the computer memory. Leak was detected on the basis of the significant difference in
the leak signal and the background signal.

3.3 Signal and its Representation
A signal may be defined as any physical quantity that varies with an independent variable or
variables that may be space or time. When represented digitally signal is in its digital form. This
is done by sampling and quantization of the signal. A signal may be represented by sinusoids. In
its simplest form the amplitude of a sine or cosine wave A, its frequency f, and phase j represent
signal. For example x(t) = A*cos(2*pi*f*t+j). This information may also be converted to its
complex form to be used in Fourier analysis. In Fourier analysis a signal can be decomposed into
a set of sinusoids with different amplitudes, frequencies etc. In its complex form a signal may be
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of the form x (t) = A*exp (j*2*pi*f*t+j). When a plot of frequency or phase is made with the
amplitude the plot is called a spectrum.

3.4 Signal Processing
Signals may be classified as multi-channel and multidimensional; continuous time and discrete
time; continuous valued and discrete valued; and deterministic and random signals. Signals may
be processed by appropriate analog system, which is called analog signal processing or they may
be processed digitally, which is called digital signal processing. Analog signal may be converted
to a digital signal by using an analog to digital signal (A/D) converter and vice versa (Proakis,
1969). In today’s world non-destructive evaluation (NDE) data is analyzed not only in the time
and frequency domain but also in the amplitude domain, phase domain, cepstral domain, etc. to
extract as much information from the signal as possible.

Sampling is the most important part of signal processing. This is basically the discretization of
the analog signal or in other words selection of analog signals at discrete time instants. The time
interval between the successive samples is called the sampling period and its inverse is called the
sampling rate. According to Nyquist theory sampling rate should always be twice the highest
frequency contained in the analog signal. Thus sampling changes a continuous time continuous
value signal (which has a continuous value over continuous period of time) to discrete time
continuous value signal. Quantization is done to change a signal from continuous value signal to
discrete value signal. A discrete time signal and discrete value signal may be called a digital
signal.
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Use of digital filters to improve the signal-to-noise ratio and time series modeling are some of
the recent techniques used in acoustic methods of NDE. The feasibility of leak detection by
acoustic emission technique depends on three factors:
1. Nature of acoustic emission radiated from the leak.
2. Attenuation between the leak and the sensor.
3. Background noise.
The physical origin of the leak signals is the fluctuating pressure filed associated with the
turbulence in the fluid. The actual detection of the leak depends on the flow rate as this factor
decides the energy content of the leak signal (Moorthy, 1992). The other alternative is
intermittent monitoring and looking for a change in impedance of the pipeline. This will require
an input of acoustic energy, such as speaker (Watanabe, 1992). The current generation of
acoustic leak detection equipment uses two sensors (fixed to the exterior or interior of the
pipeline) with the leak signal arriving form anywhere between these sensors. The leak signal
received by both sensors is received at different times depending on their distance form the leak.
The signals received by these sensors are transmitted to same processor and are cross-correlated.
The cross-correlation output indicates the difference in transmission time of the signal from the
leak to each sensor. The leak site can be located if the velocity of acoustic propagation in the
pipeline is known. The pipe and its fittings either sides of a leak acts as cascade of filters that
attenuates some frequencies in the leak signal while allowing others to propagate. If the filtering
is quite different either side of a leak, acoustic correlation tends to fail. This can be remedied by
equalization of the signals received at each sensor before cross correlation (Seaford, 1994).

24

Chapter 4
Gas Pipeline Instrumentation

4.1 WVU Source/Sink Flow Type Acoustic Signal Amplifier
Introduction
Gas pipelines can only be easily accessed at line shut off valves, which are typically located at
regular intervals about 60 kilometers apart. At these line shut-off valves there is usually available
above ground ½ inch NPT access port above a shut-off valve. Thus to obtain acoustic signals
from the gas inside the pipeline, the required instrumentation is best installed on the access ports.
A weak rarefaction wave is emitted following the occurrence of a leak. It may take a long time
before equilibrium pressure is re-established. During that time the low frequency and low DP
waves are difficult to detect inside a high pressure pipeline filled with high frequency flow noise,
which is only detectable with a microphone. Therefore a large 3-inch diameter diaphragm was
installed in an attempt to detect the low frequency waves associated with a leak. This diaphragm
serves as a pressure signal amplifier with either source or sink flow. It was included in the 1st
generation WVU instrumentation package that was designed to mount on a ½ inch NPT access
port. As with flow in a venturi, 2-D source or sink flow amplifies the flow velocity by its area
change. The advantage of aerodynamic amplification is that it also serves as a filter as it
amplifies only ramp type signals and not random noise.

Experimental Setup
All instruments were mounted inside a high-pressure housing connected to the pipeline by means
of a ½ inch pipe. The instrumentation involved an acoustic step function signal amplifier, a
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microphone made from a phonograph cartridge, a line pressure transducer, a thermocouple and
an externally mounted accelerometer. The acoustic step function amplifier consists of flow
leading form a ½ inch pipe to two parallel and closely spaced discs to create source/sink flow.
The deflection of a 0.005-inch thick and 3 inch diameter phosphor bronze diaphragm was
measured relative to a rigid 1/8 -inch thick and 3-inch diameter brass plate. Strain gauges of 5
mm in length, 350 ohms in resistance were used to measure diaphragm deflection. Two needle
valves were installed, one to bring the instrument slowly up to the pipeline pressure, and the
other to relieve pressure inside the housing. An accelerometer was mounted on the outside of the
high-pressure housing. 300-psi steel flanges were used to provide access to the instrumentation
inside the high-pressure housing (see figure 4.4). A 6-volt battery was installed outside of the
housing to power the strain gage.

The brass plate (see figure 4.1) was held in place by three flat head ¼ NC thread, screws. These
screws were soldered to a galvanized ring. A strain gage was used to measure the displacement
of the diaphragm. The source/sink-mounting ring had four ½ inch diameter holes to assure
pressure equalization to the upper side of the diaphragm. Three of these holes were also needed
to provide access to the nuts used for adjustment of the diaphragm gap width.

4.2 Principle of Operation
A leak in a pipeline generates a pressure step or ramp function, which results in a relatively long
duration dp/dt pipeline pressure signal. When a leak occurs the pressure in the pipeline drops by
DP in a step or ramp type fashion, which results in a temporary outflow from the high pressure
housing back into the pipeline. Since the flow so induced is of low velocity and short duration,
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the associated DP should be amplified. The change in pressure DP is amplified by guiding the
induced flow through both a ½ inch pipe nipple and in between a 3-inch diameter brass plate
and 3-inch diameter phosphor bronze diaphragm. This produces two dimensional radial source or
sink flow. Decreasing flow area with radial sink type inflow increases the velocity and lowers the
static pressure in the interior region of the space between the two discs. For any given source
type outflow rate, the radial outflow pressure recovery, lowers in the interior region of the space
between the two discs. The resulting suction force in the interior part of the diaphragm tends to
narrow the airflow gap, that phenomenon further adds to the amplification rate. Either the radial
sink type inflow (fig 4.2) or source type outflow (fig 4.1) between the two three inch diameter
discs increases the velocity in the interior region. This results in a suction force, which is similar
to that occurring in the throat of a venturi. Without the disc the force will be limited to the
momentum of flow in the ½ inch pipe nipple ( pro rVo ). The suction force hereby created inside
2

2

the gap, deflects the diaphragm to narrow the gap. The acoustic signal amplification (Aamp) is the
ratio of this suction force to the momentum of the flow inside the ½ inch diameter pipe nipple
with velocity Vo. Source sink flow signal amplification is obtained when diaphragm suction
force more than doubles the momentum of the flow inside the ½ inch pipe nipple.

Two configurations have been designed and built to measure the disc deflection due to the
suction force from an acoustic signal generated in an in or outflow.
A. A restrained diaphragm was soldered along its perimeter to a rigid ring. This restricted
the diaphragm deflection at the inner portion. This resulted in a very low strain gage
signal.
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B. Diaphragm resting on a ring at its perimeter and held in place by three thin ½ inch wide
strain gage beams. This provided a much stronger signal.

inlet

DP
Vo
Water manometer
V2
P2 = Pamb

ro
r1

r2

brass plate

d = gap
diaphragm

Fig 4.1: Figure Showing Source Flow Entering through a ½ Inch Port into a Gap between Two
Flat Plates.

Vo
V2
P2 -0.5rV2^2

ro
r1

r2

d = gap

Fig 4.2: Figure Showing Sink Flow Leaving through the Top of the ½ Inch Pipe Nipple.
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4.3 Ideal Friction Free Flow Source/Sink Acoustic Signal Amplification
After the housing is pressurized the acoustic step signals associated with a leak induce either
inflow or outflow through the ½ inch diameter pipe. The flow accelerates inside the gap formed
by the 0.005-inch thick phosphor bronze diaphragm, with either radial in or outflow. Sink flow
enters at the diaphragm radius r2 = 39 mm and exits from the nipple at radius ro = 6.5 mm. The
symbol (d) represents the gap between the flat brass plate and the diaphragm. Locations 1 and 2
are indicated by r1 = 11 mm and r2 = 39 mm (see fig 4.1)
The minimum flow area and thus highest velocity across at A1 = 2pr1 d

(4.1)

Source flow exit area is given by A2 = 2 pr2 d

(4.2)

Flow area of the ½ inch nipple is given by Ao = pro

2

(4.3)

Applying continuity rAV = constant
gives, A2V2 = A1V1
or

2pr2V2 d = 2pr1V1 d

This sets the velocity ratio as a function of radius ratio

V2 r1
=
V1 r2

r1
r2
Similarly A2 * V2 = Ao * Vo

Or V2

= V1

p * ro
V2
6.52
0.542
=
=
=
V0
d
2 * p * r2 * d 2 * 39 * d

(4.4)

2

where d is in mm

( 4.5)

At any radius r
2

Ar * Vr = Ao * V0

or Vr * 2 * p * r * d = Vo * p * ro

2

ro
or Vr = Vo
2*r*d

( 4.6)

In equation (4.5) the gap d is in mm and Vr is the radial velocity at any radius r in equation (4.6)
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Force Amplification

The suction force Fs on the diaphragm is the integral of the DP pressure forces from
r = r1 to r2. Assuming friction free flow has constant total pressure with Bernoulli equation gives
for source flow only
P+

1
1
2
2
rVr = Pamb + rV2 = Ptotal
2
2

or DP =

(

(4.7)

)

1
Vr
2
2
rVr - rV2 where Vr = 2 2
2
r

r2

Fs =

ò DP2prdr
r1

ò 2 (rV

r2

Fs =

1

r

2

)

- rV2 2prdr
2

( 4.8)

r1

Combining equations 4.6 and 4.8 gives
2
r2 é
æ Vr ö 2 rdr 2rdr ù
1
2
2
- 2 ú
Fs = rV2 pr2 ò êçç ÷÷
2
V2 ø r2 2
r2 úû
è
r1 ê
ë

2
1 2 2é
r
r ù
integration gives Fs = r V2 pr2 ê2 ln 2 - 1 + 1 2 ú
2
r1
r2 û
ë

(4.9)

As the source flow exits the ½ inch pipe nipple, assume it stagnates to pressure Ptotal and then
creates a positive pressure on the diaphragm from r = 0 to r1 of magnitude Ptotal- Pamb =
1
1
2
2
2
rV2 from equation 4.7, which creates a force Fo = rV2 pr0 and the Friction Free Flow
2
2

Diaphragm Amplification Factor Aamp =
Aamp

2
2
Fs - Fo r2 é
r
r ù
= 2 ê2 ln 2 - 1 + 1 2 ú
Fs
r1
r1 ë
r2 û

2
2
39
æ 39 ö é
æ 39 ö ù
= ç ÷ ê2 ln - 1 + ç ÷ ú = 19
11
è 11 ø ëê
è 11 ø ûú

(4.10)
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Air Properties

P = 1Mpa = 145 psia
T = 27 0C = 300 0 K
R = 8314/28.97 = 0.287 kJ/kgK
k = 1.4
vair = RT/P = (0.287*300*1000/101325) = 0.84974 m3/kg at 1 atmosphere
r = P/RT
r=

1000000
= 11.6144 kg/m3 at 9.86 atm or 145 psia
0.287 * 300 * 1000

Natural Gas properties

P = 300 psia = 2.71 MPa
T = 25 0C = 298 0 K
R = 8314/16 = 0.5182 kJ/kgK
K = 1.299
vmethane = RT/P = (0.5182*298*1000/101325) = 1.5058 m3/kg at 1 atmosphere
r = P/RT
2.17 *10 6
r=
= 14.05 kg/m3 at 20.4 atm or 300 psia
0.5182 * 298 *1000

4.4 Force Calculations from dP/dt pressure signals

Momentum force in the ½ inch pipe = mdot*Vo = rAoVo2 = rpr02Vo2

(4.12)

Volume of the gas pipeline housing, Vol = 0.0013 m3
P
Pref
Thus at P = Pref the sound pressure level corresponds to 0 dB

Since dB = 20 log
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(4.13)

Also P = 20 *10-6 *10(dB/20)
dB

1
Dynamic pressure DP = rV 2 or V =
2

2 DP
=
r

2 * 20 *10 - 6 *10 20
r

(4.14)

Instrumentation and
diaphragm mounted
inside the 300 psi
sensor housing
Needle valve
to relief the
pressure inside
sensor housing
Accelerometer
on the outside

Sensor pressurization
valve with momentum
dissipation by means of
tangential injection to
form a vortex

Valve allows the acoustic
signal to impact an
instrumented 3” circular
diaphragm with sink signal
amplification.

Fig 4.3: Picture of the source/sink flow acoustic signal amplifier housing.

Now ideal gas relation gives P =

mRT
differentiating with time gives
Vol

dP dm RT
dm
=
also
= mdot = - rA0V0
dt
dt Vol
dt
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which gives

dP
RT
= - rAoVo
dt
Vol

(4.15)

Flow velocity in the ½ inch diameter pipe is then given by Vo = -

dP Vol 1
where P = rRT
dt Ao P

net force on the diaphragm is given by Fs = Aamp Fo , Fo can be obtained using 4.9 & 4.15
Thus for a gap of 1 mm Amplification Aamp = 19

In Tables 4.1 & 4.2 various relations have been developed from ramp signal in dB/sec. These are
the ramp signal in Pa/sec, outflow velocity in the ½ inch nipple in m/sec, momentum Fo in the ½
inch nipple in N and gram weight, net force on the diaphragm Fs in N and gram weight, airflow
rate at the respective pressure in cc/sec, airflow rate at 1 atmosphere in cc/sec, force on the
diaphragm at 1 mm spacing between the diaphragm and the brass plate in N and gram weight.

The ramp signal in dB/s is used from 70 dB/s to 150 dB/s in increments of 10 dB/s. Using the

P
P
where P and Pref are in Pascal or dB/s = 20 log
where P and Pref
Pref
Pref
are in Pascal/s, dP/dt is derived in Pascal /s from dB/s. Further the outlet velocity in the ½ inch
relation dB = 20 log

nipple is obtained for various dB/s in m/s. Since the momentum in the ½ inch nipple is equal to
mdot*Vo = rAoVo2 = rpr02Vo2, momentum force in the ½ inch nipple is obtained using the
velocity in calculated above. Also since V2/Vo = 0.542/gap, V2 = Vo at a gap equal to 0.542
mm. This sets the force Fs equal to 64*Fo which is maximum amplification rate times the
momentum force in the ½ inch nipple. This force can be obtained in gram weight by multiplying
the force in Newton by 1000/9.8. The airflow rate is obtained in cc/s at pressure 10 atmosphere
by using the relation AoVo for various dB/s.
The force on the diaphragm in N at a gap of 1 mm is given by equations 4.5 and 4.8.This force
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is also calculated in gram weights. The corresponding graphs are shown in the figures 4.5 to 4.12
and figures 4.14 to 4.21.
Ramp
Signal
(dB/s)

Ramp
Signal
(Pa/s)

Outflow
Velocity
(m/s)

Momentum
Force
(N)

Momentum
Force
(gram wt.)

Force at
V2 = Vo
(N)

Force at
V2 = Vo
(gram wt.)

70

0.063245553

6.32456E-07

6.1633E-16

6.28267E-14

4.06778E-14

4.15079E-12

80

0.2

0.000002

6.1633E-15

6.28267E-13

4.06778E-13

4.15079E-11

90

0.632455532

6.32456E-06

6.1633E-14

6.28267E-12

4.06778E-12

4.15079E-10

100

2

0.00002

6.1633E-13

6.28267E-11

4.06778E-11

4.15079E-09

110

6.32455532

6.32456E-05

6.1633E-12

6.28267E-10

4.06778E-10

4.15079E-08

120

20

0.0002

6.1633E-11

6.28267E-09

4.06778E-09

4.15079E-07

130

63.2455532

0.000632456

6.1633E-10

6.28267E-08

4.06778E-08

4.15079E-06

140

200

0.002

6.1633E-09

6.28267E-07

4.06778E-07

4.15079E-05

150

632.455532

0.006324555

6.1633E-08

6.28267E-06

4.06778E-06

0.000415079

Table 4.1: Table Showing Behavior of Outflow Velocity and Force at Different Gaps with
Stagnation Pressure in an Air Filled Line.

Gap d

Amplification

(mm)
0.542

64.68

0.6

52.78

0.8

29.69

1

19.00

1.2

13.19

1.4

9.69

1.6

7.42

1.8

5.86

1.9

5.26

Table 4.2: Amplification Aamp as a Function of Gap d.
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Ramp
Signal
(dB/s)

Ramp
Signal
(Pa/s)

Air flow rate

Force at gap
equal 1mm
(N)

Force at gap
equal 1mm
(Gram wt.)

(cc)

70

0.063245553

8.39047E-05

1.17103E-14

1.19493E-12

80

0.2

0.00026533

1.17103E-13

1.19493E-11

90

0.632455532

0.000839047

1.17103E-12

1.19493E-10

100

2

0.0026533

1.17103E-11

1.19493E-09

110

6.32455532

0.008390471

1.17103E-10

1.19493E-08

120

20

0.026533

1.17103E-09

1.19493E-07

130

63.2455532

0.083904713

1.17103E-08

1.19493E-06

140

200

0.26533

1.17103E-07

1.19493E-05

150

632.455532

0.839047132

1.17103E-06

0.000119493

Table 4.3: Table Showing Behavior of Air Flow Rate and Force at Gap Equal 1 mm with
Stagnation Pressure in an Air Filled Line.

1000

Ramp Signal (Pa)

100

10

1

0.1

0.01
70

80

90

100

110

120

130

140

150

Stagnation Pressure (dB)

Fig 4.4: Stagnation Pressure in Pascal as a Function of Stagnation Pressure in dB.
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Ramp

Ramp

Outflow

Momentum

Momentum

Force at

Force at

Signal

Signal

velocity

Force

Force

V2 = Vo

V2 = Vo

(dB/s)

(Pa/s)

(m/s)

(N)

(Gram wt.)

(N)

(Gram wt.)

80

0.2

7.38007E-07

1.01521E-15

1.03487E-13

6.70036E-14

6.8371E-12

90

0.632455532

2.33378E-06

1.01521E-14

1.03487E-12

6.70036E-13

6.8371E-11

100

2

7.38007E-06

1.01521E-13

1.03487E-11

6.70036E-12

6.8371E-10

110

6.32455532

2.33378E-05

1.01521E-12

1.03487E-10

6.70036E-11

6.8371E-09

120

20

7.38007E-05

1.01521E-11

1.03487E-09

6.70036E-10

6.8371E-08

130

63.2455532

0.000233378

1.01521E-10

1.03487E-08

6.70036E-09

6.8371E-07

140

200

0.000738007

1.01521E-09

1.03487E-07

6.70036E-08

6.8371E-06

150

632.455532

0.002333784

1.01521E-08

1.03487E-06

6.70036E-07

6.8371E-05

Table 4.4: Table Showing Behavior of Outflow Velocity and Various Forces with Stagnation
Pressure in Methane Filled Line.

1/2 inch pipe velocity (m/s)

0.01

0.001

0.0001

0.00001

0.000001

0.0000001
70

80

90

100

110

120

130

140

Stagnation Pressure in dB

Fig 4.5: 1/2 inch Pipe Velocity Vo as a Function of Stagnation Pressure in dB.
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150

Ramp

Ramp

Signal

Signal

(dB/s)

(Pa/s)

Air flow rate

(cc)

Force at gap

Force at gap

equal 1mm

equal 1mm

(N)

(Gram wt.)

70

0.063245553

3.09611E-05

1.92889E-15

1.96826E-13

80

0.2

9.79077E-05

1.92889E-14

1.96826E-12

90

0.632455532

0.000309611

1.92889E-13

1.96826E-11

100

2

0.000979077

1.92889E-12

1.96826E-10

110

6.32455532

0.003096115

1.92889E-11

1.96826E-09

120

20

0.009790775

1.92889E-10

1.96826E-08

130

63.2455532

0.030961149

1.92889E-09

1.96826E-07

140

200

0.097907749

1.92889E-08

1.96826E-06

150

632.455532

0.309611488

1.92889E-07

1.96826E-05

Table 4.5: Table Showing Behavior of Air Flow Rate and Force with Stagnation Pressure in
Methane Filled Line.

Flow stagnation force (N)

0.0000001
0.00000001
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
1E-15
1E-16
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.6: Flow Stagnation Force in 1/2 inch Pipe as a Function of Stagnation Pressure in dB for
an Air Filled Line.
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Flow stagnation force (gram
weight)

0.00001
0.000001
1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.7: Flow Stagnation Force in 1/2 inch Pipe as a Function of Stagnation Pressure in dB.

0.00001

Force at V2 = V0 (N)

0.000001
1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.8: Force on the Diaphragm at V2 = Vo as a Function of Stagnation Pressure in dB for an
Air Filled Line.
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Force at V2 = Vo (gram weight)

0.001
0.0001
1E-05
1E-06
1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.9: Force on Diaphragm as a Function of Stagnation Pressure in dB at V2 = Vo.

1

Air flow rate (cc)

0.1

0.01

0.001

0.0001

0.00001
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.10: Air Flow Rate at 1 Atmosphere as a Function of Stagnation Pressure in dB for Gap =
0.542 mm.
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70.00
60.00

Amplification

50.00
40.00
30.00
20.00
10.00
0.00
1

1.2

1.4

1.6

1.8

2

2.2

2.4

Gap d (mm)

Fig 4.11: Diaphragm Force Amplification as a Function of Gap d (mm).

Force at gap equal 1mm (N)

0.000001
0.0000001
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
70

80

90

100

110

120

130

140

Ramp Signal (dB/s)

Figure 4.12: Force at Gap Equal 1mm as a Function of Stagnation Pressure in dB.
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Diaphragm Deflection

This section describes the diaphragm deflection and deflection angle calculations as a function of
force Fs. The flow in the ½ inch pipe causes the diaphragm to deflect by an angle q. The
diaphragm deflects in a spherical shape with R being the radius of curvature (see fig). The
geometry of the curvature gives
Sinq =

r
R

(4.15)

The strain in the diaphragm is given by the difference in outer and the inner arc length e.
Or e =

R - ( R - 0 .5 * t ) 0 .5 * t
=
R
R

Also e =

(4.16)

s
0 .5 * t * E
, which gives s =
E
R

(4.17)

The vertical component of the tensile stress s times the area gives the net force Fs on the
diaphragm.

Fig 4.13: Spherically Deflected Diaphragm.

Thus Fs = s * (2 * p * ri * t * sin q )

(4.18)

Deflection at the center is given by putting the value of s in the force equation gives

41

Fs =

r
0.5 * t * E
0.5 * t * E
* (2 * p * ri * t * sin q ) =
* (2 * p * ri * t * i )
R
R
R

0.5 * E * 2 * p * ri * t 2
or Fs =
R2
2

(4.19)

This can be solved to obtain R or
R = t * ri *

Ep
Fs

(4.20)

d = R-R*cosq = R(1-cosq) = R(1-( 1 - sin 2 q ))
2

Or d = R(1-( 1 -

ri
))
R2

(4.21)

1/2 inch pipe velocity (m/s)

0.01

0.001

0.0001

0.00001

0.000001

0.0000001
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.14: 1/2 inch Pipe Velocity Vo as a Function of Stagnation Pressure in dB at 1 atm.
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Ramp
signal (Db/s)

Force Fs (N)

R (m)

10

1.08184E-20

2.6684E+10

0

0

1.46155E-09

0.00047594

20

1.08184E-19

8438226261

0

0

4.62182E-09

0.001505056

30

1.08184E-18

2668401440

0

0

1.46155E-08

0.004759404

40

1.08184E-17

843822626

0

0

4.62182E-08

0.015050556

50

1.08184E-16

266840144

0

0

1.46155E-07

0.047594038

60

1.08184E-15

84382262.6

0

0

4.62182E-07

0.150505564

70

1.08184E-14

26684014.4

0

0

1.46155E-06

0.475940382

80

1.08184E-13

8438226.26

0

0

4.62182E-06

1.505055637

90

1.08184E-12

2668401.44 2.96252E-10

2.96252E-07

1.46155E-05

4.759403818

100

1.08184E-11

843822.626 9.36831E-10

9.36831E-07

4.62182E-05

15.05055637

110

1.08184E-10

266840.144 2.84402E-09

2.84402E-06

0.000146155

47.59403818

120

1.08184E-09

84382.2626 9.01232E-09

9.01232E-06

0.000462182

150.5055637

130

1.08184E-08

26684.0144 2.84994E-08

2.84994E-05

0.001461549

475.9403818

140

1.08184E-07

8438.22626

9.0125E-05

0.004621824

1505.055637

150

1.08184E-06

2668.40144 2.85002E-07

0.000285002

0.014615492

4759.403818

Deflection (m) Deflection (mm) Theta (radians) Stress (N/m^2)

9.0125E-08

Table 4.6: Table Showing Variation of Deflection Angle, Force and Stress with Stagnation
Pressure.
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1

Flow rate (cc)

0.1

0.01

0.001

0.0001

0.00001
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.15: Methane Flow Rate at 10 Atmosphere as a Function of Stagnation Pressure in dB.

Flow stagnation force (N)

0.0000001
0.00000001
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
1E-15
1E-16
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.16: Flow Stagnation Force in ½ Inch Pipe as a Function of Stagnation Pressure in dB for
Methane Filled line at 1 atm.
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Flow stagnation force (gram weight)

0.0001
0.00001
1E-06
1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
1E-15
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.17: Flow Stagnation Force in ½ Inch Pipe as a Function of Stagnation Pressure in dB for
Methane Filled line.

Force at V2 = Vo (gram weight)

0.0001
0.00001
1E-06
1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Fig 4.18: Force on the Diaphragm as a Function of Stagnation Pressure in dB for
Methane Filled Line.
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0.00001
0.000001

Force at V2 = Vo (N)

1E-07
1E-08
1E-09
1E-10
1E-11
1E-12
1E-13
1E-14
1E-15
1E-16
70

80

90

100

110

120

130

140

150

Ramp Signal (dB/s)

Deflection at the diaphragm center
(mm)

Fig 4.19: Force on the Diaphragm as a Function of Stagnation Pressure in dB for Methane Filled

0.001

0.0001

0.00001

0.000001

0.0000001
70

80

90

100

110

120

130

140

150

160

Ramp pressure (dB)

Fig 4.20: Center Deflection of Diaphragm as a Function of Acoustic Pressure.
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Diaphragm Deflection Measuring Beam

A cantilever beam was designed to measure diaphragm deflection, which was the same material
as the diaphragm. One end of the beam was soldered to a rigid support while the other end was
hanging freely. A screw soldered to the center of the diaphragm was positioned in such a manner
that the motion of the screw due to the diaphragm deflection would deflect the free end of the
cantilever. This deflection could be given by the Castigliano’s theorem (Timoshenko)
Deflection d =

P * L3
3* E * I

(4.22)

where P is the force at the loaded end, L is the length of the beam
Moment M= P*L, is the maximum bending moment when P is the critical load
Stress s =

P * L *t
M *t
=
,
2* I
2* I

(4.23)

is the critical stress, t is the height of the beam.
I=

b *t3
= 1.083e-15, is the moment of inertia for a rectangular beam where b is the width of
12

the beam and is equal to ¼ inch = .00635 m
Also d =

or L =

2 * L2 * s
3* E *t

(4.24)

3* E * t *d
3 *1 *1011 * .000127 * .001
=
2 *s
2 * 2.5 *10 7

Moment M =

= 0.028 m

2 *1.083 *10 -15 * 2.5 *10 7
2 * I *s
=
= 4.27e-4 Nm
t
.000127

Thus maximum force P =

4.27 *10 -4
M
=
= .01525 N
L
.028
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Thus Strain ,e =

s
= 4.27e-15
E
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Chapter 5
Experimental Procedure
Source Flow Acoustic Signal Amplifier

The inviscid theory in chapter four gives the suction force Fs.
2

r
r
1
2
2
Suction Force, Fs = pr ro V2 ( 2 ln( 2 ) - 1 + 1 2 )rd
2
r1
r2
Since the gap acts as a venturi the pressure increases from the inlet to the outlet. Due to friction all
the kinetic energy does not get converted into pressure and the recovered pressure is less than the
inlet pressure. Thus the total recovery factor rd is the ratio of outlet dynamic pressure to the total
inlet dynamic pressure. The outlet dynamic pressure can be calculated from the calculated suction
force. The inlet total pressure was given by the manometer.

Continuity gives mdot = A2 rV2 = 2pr2 drV2
also mdot = Ao rVo = pr 2 o rVo

Vo =

dV2
2pr2 drV2 2r2 dV2
mdot
=
=
=
where d is in mm .
1.1013
r 2o
pr 2 0 r
pr 2 o r

1
2
( rV2 ) outlet
V2 1.013
=
, also rd = 2
or
Vo
d
( DP ) manometer
Using the same method as used in chapter four to calculate force amplification we get
For r1 = .011 m , r2 = .039 m , r0 = .00889 m Aamp =

15
d2

Fs
1
2
and ( rV2 ) outlet =
, Fs = Fo + W and W = weight carried by the diaphragm
2
.0076
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Also T = 288k, P = 101325 Pa, r = 1.225 kg/m^3
Table 5.1 below shows flow rate (cfm), weight (grams), inlet total pressure (inches H20)
obtained from the experiments. In table 5.2 these values have been converted into metric units.
Fig 5.1 & 5.2 shows the graphs of flow rate and DPmanometer as a function of weight. Table 5.3
shows the values calculated values of gap d, velocity in the 0.7 inch diameter pipe Vo, outlet
velocity V2, outlet pressure DP and the pressure recovery factor rd.
Fig 5.3 shows the graph of amplification as a function of weight both theoretical and with
friction losses obtained experimentally. Fig 5.4 shows the graph of calculated gap as a function
of gap.

Flow Rate

Weight

Pmanometer

(cfm)

(grams)

(inches H20)

4

7

1.25

5.7

21

2.7

6.2

27.5

4.3

6.6

36

5

7

43.5

5.5

Table 5.1: Table Showing Values Obtained from the Experiment.
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Force

Pressure

Flow Rate

(N)

(N/m^2)

(m^3/s)

0.1

421.66

0.0021

0.15

577.32

0.0023

0.2

732.98

0.0025

0.25

888.64

0.0027

0.3

1044.3

0.0029

0.35

1197

0.0031

0.4

1355

0.0033

0.45

1511

0.0035

Table 5.2: Experimental Values Converted to Metric Units.

8

Flow rate (CFM)

7

6.2

6

7

6.6

5.7

5

4

4
3
2
1
0
0

10

20

30

Weight (Grams)

Fig 5.1: Linearized Experimental Data Points.
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40

50

Gap

Vo

V2

Poutlet

rd

(mm)

(m/s)

(m/s)

(N/m^2)

1.144

8.041

7.118

31.033

0.034

0.9977

8.826

8.961

49.19

0.038

0.9286

9.612

10.48

67.35

0.04

0.8915

10.39

11.81

85.51

0.041

0.8708

11.18

13.01

103.67

0.042

0.8598

11.97

14.1

121.83

0.0427

0.8547

12.75

15.11

139.99

0.0432

0.8537

13.54

16.06

158.15

0.0436

Table 5.3: Calculated Values in Metric Units

.

7

Delta P ("H20)

6

5.5
5

5
4.3

4
3

2.7

2
1.25

1
0
0

10

20

30

40

Weight (Grams)
Fig 5.2: DP Inlet (inches H20) Linearized Data Points.

52

50

25

Amplification

20

Invicid

15

Experimental
Theory

10

due to pressure loss by friction
5

0
0

0.1

0.2

0.3

0.4

0.5

Weight (N)

Fig 5.3: Amplification as a Function of Weight.
1.4
1.2

Gap (mm)

1
0.8
0.6
0.4
0.2
0
0

0.1

0.2

0.3

0.4

Weight (N)

Fig 5.4: Calculated Gap as a Function of Weight.
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0.5

Fig 5.5: Picture of Diaphragm Hanging Freely with no Air Flow.
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Fig 5.6: Picture of Diaphragm Suspended by Air Flow with a Weight of 43.5 Grams

55

Fig 5.7: Picture of Diaphragm with its Own Weight of 21 Grams Suspended by Air Flow.
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Fig 5.8: Close View of Diaphragm with a Weight of 21 Grams Suspended by Air Flow.
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Chapter 6
Discussion of Results

Source/sink flow signal amplifier was calibrated in lab. At various flow rates (cfm), weight
(grams) and inlet total pressure (inches of H20) were obtained experimentally. These were then
converted to metric units for calculating other variables. Gap d was calculated which showed that
the weight carried by the diaphragm increased significantly with the reduction in gap. Flow
stagnation force was calculated from the calculated velocity in the pipe which showed that
significant force amplification could be obtained relative to this force. Pressure recovery factor
was calculated which was found to be constant almost over the entire range. Thus flow guided
through a ½ inch pipe to a venture like gap does provide significant aerodynamic amplification.

Conclusions

A large diaphragm three inch in diameter was calibrated in the lab. The suction force on the
diaphragm was found to be seven times larger than the force obtained by stagnating the flow in
the supply pipe. It was experimentally observed that the gap was almost constant equal 0.85 mm
and independent of weight. The calculated pressure recovery factor was constant almost over the
entire range. The source/ sink flow acoustic signal amplifier built at WVU may provide a
suitable acoustic amplifier for future instrumentation on acoustic monitoring.
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